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Abstract. The results of basin-wide vessel-mounted ADCP
measurements carried out from May 1995 through February
1996 in the Adriatic Sea are analysed in order to characterise
the tidal ﬂow, the steady current ﬁeld and some speciﬁc sub-
basin scale features. The M2 tide shows the amphidromic
point close to the location predicted from theory. The K1
presents an almost constant phase structure that increases in
the northern part from east to west during summer. The cir-
culation in the Italian coastal shelf area is highly variable,
due to the local wind forcing and pulses of the Po River dis-
charge. The propagation of the signal associated with the
latter, can be described in terms of hybrid internal Kelvin
waves, revealed also from the upwelling events. It is also
shown that the bottom density-driven current draining the
bottom layer of the northern Adriatic is, to a large extent,
a time-dependent feature with a temporal scale on the order
of days.
Key words. Oceanography: general (descriptive and re-
gional oceanography; marginal and semienclosed seas)
Oceanography: physical (currents)
1 Introduction
The Adriatic Sea is a semi-closed basin connected to the
Mediterranean Sea by the Strait of Otranto. It can be divided
into three sub-basins which are characterised by cyclonic cir-
culation cells determined by the bathymetry and the hori-
zontal pressure gradients. The northern part is very shallow
(about 50m) and is highly inﬂuenced by the large amount of
fresh water coming from the Po River, which spreads south-
ward along the Italian coast. The central part presents a pit
of about 270m in depth. The Palagru˘ za Sill (170m) divides
this part from the southern area where the maximum depth is
1200m (Fig. 1). The southern portion of the basin receives
and traps the majority of the saltier water from the Ionian
Sea.
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Up to now, geostrophic calculations have shown the
characteristic cyclonic circulation and its principal features
(Orli´ c et al., 1992; Artegiani et al., 1997), but direct cur-
rent measurements to study the basin-wide ﬂow have never
been made. During the PRISMA1 project (Programma di
RicercaediSperimentazioneperilmareAdriatico), avessel-
mounted ADCP (Acoustic Doppler Current Proﬁler) was
used for about a year to measure horizontal currents in the
basin, which have then been utilised in the calculation of
ﬂuxes of water, particulate and suspended matter through dif-
ferent transversal sections (Ga˘ ci´ c et al., 1998). The ADCP
has a very high horizontal resolution which permits the ob-
servation of ﬂow features on the order of a kilometre that are
not resolved with other current measurement techniques.
IntheAdriaticSea, basin-widecurrentmeasurementshave
never been carried out before. Although the ADCP has been
widely utilised and numerous examples can be found in the
literature (Candela et al., 1992), this is the ﬁrst time that cur-
rent measurements with a vessel-mounted ADCP have been
carried out for a period of about one year in a study of gen-
eral basin-wide circulation. The scope of this paper is to de-
scribe and interpret the results obtained from the analysis of
the ADCP data set, in order to better understand the Adriatic
circulation and to explain some of the features encountered
along the Italian shelf. More speciﬁcally, these features are:
the surface coastal boundary current strongly inﬂuenced by
the riverine fresh water input, sometimes called the Western
Adriatic Current (WAC), and the bottom density-driven cur-
rent draining the dense water formed in the Northern Adriatic
(Artegiani et al., 1989).
In Sect. 2 of this work, a brief description of the experi-
mental design is given; in Sect. 3, a description of the method
used in the data analysis for the separation of the steady, tidal
and residual components can be found; in Sect. 4, the results
obtained are shown while Sect. 5 contains the conclusions.1184 L. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea
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2 Experimental design
ADCP data were collected all over the basin during the pe-
riod from 15 May 1995 to 28 February 1996. The instrument
was a ship-borne 150 KHz ADCP. The general shallowness
of practically the whole basin permitted the measurement of
currents throughout the water column. Due to instrument
limitations, no data exist in a 9m thick surface layer and
in the bottom layer of about 10% of the total water column
depth. The vertical resolution was 2.5m in shallow waters
(up to 75m) and 5m in the rest. Pre-planned transects were
covered many times, with an overall number of repetitions of
about 200. Data coverage can be found in Ga˘ ci´ c et al. (1998).
The transects are perpendicular to the longitudinal axis of the
basin and are representative of the three sub-basins (Fig. 1):
the ﬁrst transect (denoted by the letter B) is located in the
northern sub-basin, to the south of the Po River delta; the
second one is positioned in the centre of the Middle Adriatic
Pit (Pomo-Jabuka Pit), and is denoted as transect E; ﬁnally,
the third one is located over the Palagru˘ za Sill, and is named
transect H. As already mentioned, the dynamics of each of
the three sub-basins is very different. In fact, the northern-
most transect represents a shallow area, inﬂuenced by a great
amount of fresh water, while the southernmost one has the
characteristics of an open-sea system in which the saltier and
warmer water coming from the Ionian Sea plays an important
role. The length of each of the transects is about 120km, and
thus, ADCP measurements were carried out in less than 10
hours. Due to this, the measured current ﬁeld along a section
is, to some extent, contaminated by the current variability on
time scales of less than a day, i.e. tidal and inertial oscilla-
tions. ADCP data were then averaged on a length of 500m
and the bottom layer currents were obtained by extrapolating
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Fig. 2. Summer (bold) and winter (light) rotary spectra for current-
meter at station B11, deployed at a 22m depth.
velocities with a logarithmic function down to the zero value
on the sea ﬂoor.
Thecompletedatasetwasdividedintotwoportionsforthe
subsequent analysis. The ﬁrst one is called “summer”, and
contains data from May to the end of September, when the
water column is vertically stratiﬁed; the second one is called
“winter” and covers the period from October to February,
which is the part of the year with a homogeneous vertical
density structure or a weakly stratiﬁed water column in the
major part of the studied area (Zore-Armanda et al., 1991).
In the same period, CTD measurements were carried out
witha Seabird CTDprobealongthe above transects, together
with the ADCP recordings, which permitted one to obtain
a simultaneous picture of both thermohaline properties and
current characteristics.
Moored current meters were also located at some points
(Fig. 1) along the mentioned transects, during the same pe-
riod, but due to instrument losses and failures, the time series
do not cover the whole period. However, the results obtained
from the analysis of these data were used to complement the
information from the ADCP measurements.
3 Data analysis
Spectral analysis of current-meter time series from different
locations in the Adriatic Sea show that the signal is princi-
pally constituted in order of importance by a low-frequency
signal (periods higher than one day), semidiurnal and diurnal
tides, and an inertial signal (period of about 17 hours) (Orli´ c
et al., 1992). Fig. 2 shows summer and winter rotary spectra
for the upper current-meter at station B11; it is clear that the
inertial signal is present, in particular, during summer, but
very small in winter (Krajcar et Orli´ c, 1995); in any case, it
is generally weaker than tides.
The aim of this analysis is to separate the tidal signal from
the low-frequency one in order to study the space-time vari-
ability of both of them. In the case of the ship-borne ADCP
data, it is impossible to apply the method classically used
with moored current-meter data, due to both space and timeL. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea 1185
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Fig. 3. (a) Semi-major (bold) and semi-minor (light) axis of the M2 tidal component, calculated from current-meter series. Squares indicate
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Fig. 4. (a) Semi-major (solid line) and semi-minor (dashed line) axis of the M2 tidal component calculated for periods of one month each
for current-meters at station H10. Squares indicate the surface current-meter (26m depth), stars are the intermediate ones (76m depth), and
triangles are the bottom ones (220m depth). (b) The same as for (a), but for phase (solid line) and orientation (dashed line). Angles are given
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Fig. 5. Low-pass component for surface (top) and bottom (bottom)
current-meters at station B07.
dependence in the data set. Therefore, the detiding method
developed by Candela et al. (1992) was used. The method
consists of a horizontal space-time ﬁt of the data to a func-
tion sum of a “steady” time independent term, and a linear
combination of sine and cosine of the tidal frequencies. Both
the “steady” part and the coefﬁcients of the tidal term are
arbitrary functions of the spatial coordinates. In the present
case, biharmonics have been chosen. The time dependent
part is comprised of two terms: the tidal component and the
one containing the residual temporal variability, which will
be called the “residual” in the rest of the paper. The latter
is the difference between ﬁtted velocities and current data.
In this way, the residual component of the ﬂow ﬁeld has a
time variability on a scale of about a day, and it is contam-
inated to some unknown extent by the inertial variability as
well. The number of tidal components included in the ﬁt
is determined by the length of the record which permits the
resolution of different frequencies. Both periods analysed
are long enough to resolve the diurnal frequencies from the
semidiurnal ones, but it is possible to distinguish some dif-
ferent frequencies in each of the two groups only during the
summer season. In this way, M2, K1, S2 and O1 are re-
solved in the summer period, and only diurnal and semidiur-
nal oscillations, in general, during the winter season. Parts
of the moored current-meter time series are used to comple-
ment ADCP measurements in order to cover areas without
ADCP data; for this purpose, the current-meter time series
which lasts about a day and a half at selected locations has
been chosen and treated in the same manner as the ADCP
data.
4 Results and discussion
4.1 Tidal structure
The semidiurnal tides in the Adriatic co-oscillate with the
tides of the Ionian Sea (Mosetti, 1986). For this reason, the
M2 (as well as S2) component can be seen as a Kelvin wave
entering the Strait of Otranto. It propagates northward along
the oriental coast of the basin, reaching the northern coast
and reﬂecting together with a certain number of Poincar´ e
waves, which decay within a distance of about 40km, and
ﬁnally, returnsalongtheItalianshoreline(Taylor, 1921; Hen-
dershott and Speranza, 1971). The pattern formed by these
waves presents an amphidromic point in the current ﬁeld
which is located one-quarter of the wave length to the south
of the amphidromic point for the sea level (Polli, 1960). If
a mean depth of 200m is considered for the whole Adri-
atic, the amphidromic point in the current ﬁeld is located at
about 450km to the south of the amphidromic point for the
sea surface elevation, which is situated in front of Ancona.
This means that the amphidromic point in the current ﬁeld
for the M2 tide should be positioned in front of the Gargano
promontory.
Following Defant (1961), the K1 component should
present a similar behaviour, since its frequency satisﬁes the
condition that allows for the propagation and reﬂection of a
Kelvin wave in a channel of such dimensions. He predicts
that the amphidromic point for the sea level should be lo-
cated near the Strait of Otranto, but since the channel’s open
end is too close, the amphidromy is very weak and the re-
sponse of the basin at the K1 tidal frequency seems then to
be a direct one, with the amplitude growing northward. On
the contrary, Mala˘ ci˘ c et al. (2000) suggest that the diurnal
constituent is better described as a topographic wave which
propagates across the basin from the Croatian coast to the
Italian shore. They also show that both the semi diurnal and
diurnal tides are manifestations of a family of waves, which
exist under the combined actions of gravity and topography.
In particular, the M2 tide can be seen as a Kelvin wave prop-
agating along the basin since gravity dominates; K1, on the
other hand, is better represented by a continental shelf wave
propagating across the basin since topography dominates.
Moored current-meter data are used to study the character-
istics of tides at some locations in the basin in order to under-
stand if the tidal pattern changes with different stratiﬁcation
conditions, i.e. if the predominant component is the baro-
clinic or the barotropic one. Looking at the M2 amplitude
and phase calculated from the whole set of current-meter
data for the two seasons (Fig. 3), it is evident that the semi-
major axes at transect B are smaller at the bottom than at the
surface, during both summer and winter. On the contrary,
the current-meters at transects E and H show similar semi-
major axes at different depths. The phase presents a variabil-
ity along the water column only at station H10. Moreover,
by calculating for each current-meter the M2 amplitude and
phase from the data set which has been divided into monthly
subsets, it can be observed that the temporal variability is of
the same order of magnitude as the spatial one along the ver-
tical. At transect B, the variability along the vertical affects
the semi-minor and semi-major axis rather than the phase.
On the contrary, the winter data set at station H10 (the only
available at transect H) shows variability both in amplitude
and in phase (Figs. 4a and b). It must be remembered that
the deepest current meter at transect B is close to the bottomL. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea 1187
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Fig. 6. M2 phase and ellipses calculated from vertically averaged
ADCP data for the summer season. Phase corresponds to times
when the semi-major axis is in the ﬁrst or the fourth trigonometric
quadrant.
and, therefore, the variability is probably generated by bot-
tom stress and not by stratiﬁcation. Phase variation along the
vertical at station H10 can be explained by the fact that the
expected amphidromic point is probably positioned close to
transect H and presents a phase jump of about 180 degrees;
in this way, small displacements in space can give rise to big
phase variations. In conclusion, there is no clear evidence
of different behaviour of the tidal pattern between summer
and winter from the moored current-meter data analysis. The
temporal variability of amplitude and phase within a single
period is of the same order as the spatial variability along the
vertical.
Therefore, it was decided to remove the barotropic tide
from the ADCP data. The mentioned method was applied
two times: ﬁrst, to the velocity ﬁeld averaged along the verti-
cal and multiplied by the depth (barotropic transport) in order
to calculate and extract barotropic tides and second, to the
detided data at different depths in order to obtain the steady
and residual parts and resolve their vertical variability. In
fact, low-pass current-meter data show a strong difference
in current between the surface and the bottom layer during
the stratiﬁed season, especially in the northern part of the
basin. In particular, the currents for the two current-meters
at station B07 (Fig. 5) appear out of phase at the end of the
summer when the stratiﬁcation is still strong and the ther-
mocline is located between the two of them; in autumn, the
wind induces vertical mixing of the water column and the
currents are in phase. The low- pass currents, therefore, sug-
gest a baroclinic behaviour during summer and a barotropic
behavior during vertically homogeneous density conditions.
The summer tidal structure obtained from ADCP data
presents the amphidromic point for M2 slightly more to the
south with respect to the theoretical predictions, and the
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Fig. 7. Same as Fig. 6, but for the K1 tidal component.
phase shift is greater than 180 degrees (Fig. 6). Tidal ellipses
are longitudinally polarized almost all over the area covered
by the data. This is in agreement with the work of Lozano
and Candela (1995). The structure of K1 (Fig. 7) presents
a growing amplitude proceeding northward, and concerning
the phase, it is almost constant in the south, and growing
from east to west in the north. This feature in the phase pat-
tern in the north is in agreement with Mala˘ ci˘ c et al. (2000),
for whom the diurnal component has the characteristics of a
continental shelf wave, propagating from the east coast to the
west coast. The jump in the phase pattern near the Strait of
Otranto is not real, and is due to the fact that the phase cho-
sen is the time for which the semi-major axis is in the ﬁrst or
fourth trigonometric quadrant. In fact, as phase and ellipse
orientation are mutually dependent, a shift in the orientation
is seen also in the phase. It should be noted that sometimes,
deﬁning an interval for the orientation in order to eliminate
its indetermination of 180 degrees, introduces an unreal dis-
continuity in the phase pattern, as well.
Winter data coverage is insufﬁcient south of the Gargano
Promontory. Again, the ellipses for M2 are polarised along
the basin axis and the correspondent phase pattern presents
the amphidromic point (Fig. 8), but with a shift smaller than
expected. The shift observed in the phase pattern in the
northern part of the basin is due to the discontinuity of the
trigonometric system. The ellipses for K1 (Fig. 9) are not
polarized like in summer, but there are two zones (one in the
north and the other in the central-eastern part) for which the
oscillations are transversal. The amplitude of the K1 tidal
component increases southward along the Italian coast and
the ellipses are polarized parallel to the shore. The corre-
sponding phase is almost constant all over the considered
zone. The discontinuities encountered can be explained in
the same way as in the case of the summer data.
The ﬁt is done by using as a basis, very general functions,
such as polynomials or biharmonics. This procedure permits1188 L. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea
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Fig. 8. M2 tidal phase and ellipses calculated from vertically aver-
aged ADCP data for the winter season. Phase corresponds to times
when the semi-major axis is in the ﬁrst or the fourth trigonometric
quadrant.
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Fig. 9. Same as Fig. 8, but for the K1 tidal component.
one to obtain preliminary results, but does not reproduce the
ﬁner structure. Moreover, this method does not permit the
calculation of the errors for the calculated quantities and,
therefore, it is difﬁcult to compare them with the ones ob-
tained by the current-meters.
It is clear from the above analysis that the spatial and tem-
poral distributions of the ADCP data permit an almost com-
plete description of the characteristics of the tidal pattern all
over the basin; this is hardly possible with moored current-
meter data. On the other hand, the analysis of the ADCP data
set requires some a priori information, such as the individ-
uality of the tidal frequencies or the vertical structure of the
tidal pattern.
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Fig. 10. Po River discharge for the period of May 1995 to February
1996. The pulses in the Po River discharge analysed in the text are
shown.
For what concerns the steady part (not shown here), the
applied analysis reproduces well the general features in the
basin circulation, with a southerly current along the Italian
coastandacountercurrentalongtheeasterncoast. Sub-basin
cyclonic features due to bathymetry and horizontal density
gradients are also well reproduced, showing a recirculation
structure over the Palagru˘ za Sill and at the north of the Mid-
dle Adriatic Pit. The detailed discussion of the steady part
and the ﬂux calculations can be found in Ga˘ ci´ c et al. (1998),
in Ursella and Ga˘ ci´ c (1998) and in Ursella et al. (1998).
4.2 Residual currents
The characteristics of the residual ﬁeld with a time variabil-
ity on the order of several days is often very different from
the general circulation. In fact, it is possible to ﬁnd some-
times a northward current along the Italian coast, as well as
a southward current along the Croatian shore, i.e. opposite
to the general circulation pattern. Strong temporal variations
of the ﬁeld are illustrated in Fig. 14, where it is shown that a
surface coastal current decreases in a day by 50%, i.e. from
about 20cm/s on 22 September 1995 to about 10cm/s on the
next day. Moreover, the same ﬁgure shows two different spa-
tial scales in the current ﬁeld: a larger one with structures on
the order of less than 50km, and a smaller one with patches
of dimensions on the order of 10km in the horizontal, and
10m in the vertical. The latter can be related to mesoscale
eddies, while the former is associated with the basin-wide
circulation. In this work, the possible relation between some
features encountered in the residual pattern along the Ital-
ian coast and the Po River discharge are investigated. In
particular, this ﬁeld can be affected by the sudden discharge
events, while the rest of the signal is contained in the steady
ﬁeld. The Po River run-off during the study period (Fig. 10)
presents a series of maximums with a time scale typically on
the order of a week, concentrated in two periods: May–June
and September–January.
From the current-meters of transect B, it is possible to in-
vestigate the relation between currents and the Po River dis-
charge pulses as a function of the distance of the current-
meter from the coast. For this purpose, the low-pass compo-L. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea 1189
Table 1. Values for the parameters used in the calculation of the free coastal trapped modes (see Fig. 12 for the explanation of the variables
used), obtained from CTD measurements during August 1995. In the Table, ∆ρ = ρ2 − ρ1 and ρ = ρ2
H0 (m) H1 (m) HTOT (m) L (km) ∆ρ (kg/m
3) ρ (kg/m
3)
transect B 5 24 50 30 3 1028
transect E 11 22 100 12 3 1028
transect H 10 20 200 8 2 1029
Table 2. Characteristics of the ﬁrst four modes (denoted by index n) for the three transects analysed (B, E and H); cn is the velocity of
propagation of the mode, Bn is the ratio of the sea level change across the shelf to the thermocline displacement at the shelf edge, and h is
the thermocline displacement at the shelf edge
B E H
cn (m/s) Bn h(m) cn (m/s) Bn h(m) cn (m/s) Bn h(m)
n=1 2.0280 0.0159 0.6271 1.5194 0.0047 2.1094 1.2662 0.0028 3.5664
n=2 0.5144 −0.0048 −2.0668 0.1581 −0.0042 −2.4066 0.1111 −0.0028 −3.3484
n=3 0.1633 −0.0008 −12.1296 0.0333 −0.0022 −4.4634 0.0225 −0.0016 −6.4203
n=4 0.0703 −0.0041 −2.418 0.0132 −0.0034 −2.9211 0.0089 −0.0026 −3.8567
nentofthecurrentswascalculatedusinga24m214digitalﬁl-
ter (Thompson, 1983) that cuts periods shorter that 36 hours.
The low-pass data were then projected along the shore direc-
tion (−50◦ in the trigonometric coordinate system). Almost
no correlation can be found at any of the current-meter loca-
tions, apart from the spring time series at station B03. This
current-meteris, infact, theonlyoneclosetotheItaliancoast
(about 30km), for which current data cover some of the pe-
riods of the strong Po River discharge events. Fig. 11 depicts
the situation at B03 during May–June 1995, and it is clear
that the only signiﬁcant departures from the zero value in the
current curve take place in correspondence to the three Po
River maxima and two strong wind events. This can be ex-
plained by taking into consideration that the increasing strat-
iﬁcation during this period, together with strong pulses in
the discharge helps the fresh waters to spread evenly over
the northern basin (Sturm et al., 1992), thus reaching sta-
tion B03; the current, in any case, is weak and it is proba-
bly the geostrophic response to the horizontal pressure gra-
dients, rather than a direct one. Later during the summer pe-
riod, when current data are available, no relevant pulses are
present. On the other hand, during the winter season, even if
the discharge is rather strong, the mixed water column pre-
vents the Po River waters from spreading radially (Sturm et
al., 1992), thereby making it impossible to see the signal in
the current-meter data. The absence at B03 of the signal as-
sociated with the Po River discharge in the winter period can
also be attributed to the relatively deep measurement level
(17m). Furthermore, stations B07 and B11 are too far from
the delta to be inﬂuenced by the fresh water.
In the case of the ship-mounted ADCP, the measurements
are much closer to the coast than those of the current-meter
moorings, thereby permitting a more detailed study of the
coastal boundary layer and a possible relationship with the
Po River discharge. The sudden increases in Po discharge
generate impulses that can propagate southward as waves
along the Italian coast. Furthermore, their passage may pro-
duce displacement of the thermocline, thereby producing
upwelling and downwelling. We try to explain the strong
changes in the residual current in terms of wave solutions as
a response to Po run-off pulses. Simple Kelvin waves are not
good approximations for the wave behaviour in the area. The
solutions obtained by Gill and Clark (1973), indeed, seem
to be more appropriate to describe these waves during the
summer period due to the conditions of strong stratiﬁcation
of the sea (Ga˘ ci´ c et al., 1998). In fact, the method permits
one to calculate the free coastal trapped modes, in the case
of a system with the coast on one side, a bottom topography
approximated by an exponential function for the region near
the coast, and a two-layer vertical density distribution in the
open sea (Fig. 12). These waves are a hybrid between conti-
nental shelf waves and internal Kelvin waves. Applying this
method to the western Adriatic shelf, and by taking into ac-
count the values for the parameters along different transects
reported in Table 1 and calculated from CTD data collected
during the summer campaign (August 1995), the character-
istics of the modes can be found (Table 2). The ﬁrst mode is
the most relevant one, since the others are conﬁned to very
narrow areas near the coast, with space scales much smaller
than the ﬁrst radius of deformation (Gill and Clark, 1973).
Moreover, this mode is the fastest one, even if the amplitude
of its alongshore component is the smallest; it has a phase
velocity cn along the coast of 2.03m/s at transect B, de-
creasing to 1.52m/s at transect E and 1.27m/s at transect
H. Considering these velocities, it is possible to calculate
the time of arrival of the signal at the different sections; it
has been imposed that the wave travels the distance between
two transects with the mean phase speed between the two1190 L. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea
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transects. The delay with respect to the Po River discharge
pulse is about 13 hours at B, about 43 hours at E and about
91 hours (i.e. less than 4 days) at H.
The ratio Bn of the sea level change across the shelf to
the thermocline displacement at the shelf edge, denoted by
the letter h, permits an evaluation of the importance of the
upwelling for each mode at the different transects. In Table
2, the values for the ratio Bn are given; it is evident that for
the ﬁrst mode, the thermocline displacement increases mov-
ing southward. For example, the ﬁrst mode presents a Bn of
0.0159 at transect B that corresponds to a displacement of
0.6271m of the thermocline for each centimeter of sea level
change, while h is 3.5664m at transect H. In the Adriatic
Sea, the sea level change is typically on the order of a cen-
timetre; therefore, the displacement of the thermocline is on
the order of a meter.
Possible evidence of the passage of the hybrid waves gen-
erated by the Po River pulses, manifested by the concomi-
tant occurrence of the southward coastal jet and the tran-
sient upwelling can be found both in the residual current
data and in the vertical distribution of thermohaline prop-
erties. Figure 10 shows the daily Po River discharge rate
as a function of time for the period of the ADCP measure-
ments. The Po run-off is characterized by a series of pulses
with a duration of less than a week, which are several thou-
sands of m3/s stronger than the average run-off (1500m3/s),
and which could be responsible for the generation of hybrid
waves. During the stratiﬁed season, i.e. the one for which
the above theory is valid, ﬁve pulses are present (denoted
by numbers in Fig. 10). We try to ﬁnd evidence of a possi-
ble hybrid wave generated by these run-off pulses, travelling
downstream from the Po River mouth. Since neither ADCP
surveys nor CTD measurements at selected transects were
carried out at regular time intervals, only in some cases do
the ADCP and/or CTD measurements coincide with the ex-
pected time of arrival of the hybrid wave, i.e. in the cases
of the pulses denoted by (1), (2) and (5) in Fig. 10. In cor-
respondence to the pulses (1) and (2), the ADCP data are
available only at the transect south of the Gargano Promon-
tory (not shown). In both cases, there are clear indications of
the presence of a strong southward coastal jet which was not
evidently generated by the local wind, since at the measure-
ment time, the weather was calm in both cases. The pulse
(5), occurring on 21–22 September, is the only one for which
we have rather good evidence of the wave passage, both from
ADCP and CTD data. A southward jet is present at the tran-
sect B on 22 September (Fig. 13), i.e. at the time of the wave
arrival and decreasing in strength the next day, as could be
expected. Also, just the day before, for the Po River pulse
occurrence on 21 September, no coastal jet is present at all
at the transect 20km to the north of B and at another tran-
sect, 20km to the south of it. The transient upwelling associ-
ated with the passage of the hybrid wave can also clearly be
seen from the vertical temperature distribution at the transect
B on 22 and 23 September (Fig. 14). An upward slope of
the isotherms is evident at the expected time of the wave ar-
rival on 22 September, and associated with the coastal jet, as
shown by the ADCP data. On the other hand, the isotherms
are much less inclined the next day, when the jet becomes
weaker and when, presumably, the wave has passed by. In
conclusion, from this analysis, it follows that the signal trav-
els with velocities that are one order of magnitude greater
than the ﬂow ﬁeld speed, and it is well approximated by hy-
brid waves between shelf waves and internal Kelvin waves.
CTDdataareused, togetherwithADCPresults, inorderto
delimit with more accuracy the bottom outﬂow of dense wa-
ter (Artegiani et al., 1989). In the steady part of the ADCPL. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea 1191
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Fig. 13. Residual currents at transect B on 22 September (a) and on 23 September (b). The component of the current perpendicular to the
section is depicted. Positive values mean southward ﬂow. No data are available in the layer from the surface to the 9m depth.
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Fig. 15. Temperature ﬁeld (a) and residual currents (b) at transect E on 26 August 1995. The component of the current perpendicular to the
section is depicted. Positive values mean southward ﬂow. No data are available in the layer from the surface to the 9m depth.
current data (Ga˘ ci´ c et al., 1998), it is evident that the signal
of the dense water ﬂow is very weak at transect B (about 1–2
cm/s) and completely absent at transect E. On the contrary,
theresidualpatternfrequentlyshowsastrongsouthwardﬂow
in the bottom layer along the Italian shelf, in correspondence
to a water mass with low temperature and salinity. An exam-
ple of a perfect coherence between the vertical temperature
distribution pattern and the residual ﬁeld of the alongshore,
current component in the bottom layer is shown in Fig. 15.
A near-bottom core of the southward current is evident in the
slope area about 30km from the shoreline, corresponding to
the local bottom temperature minimum, which is, in turn, as-
sociated with the dense water formed during the preceding
winter. A secondary core of the southward bottom current
is located at about 80km from the coast which again corre-
sponds to another temperature minimum. In conclusion, it
can be said that the outﬂow of dense water is only weakly
evident in the steady current component, while its signal is
clearly present in the residual current ﬁeld, suggesting the
prevalence of transients over a steady ﬂow in the bottom
density-driven current.
5 Conclusions
Inthiswork, basin-wide ADCPdata are analysedto study the
general circulation of the Adriatic Sea. Data sets obtained
within the PRISMA1 project during the period from 15 May
1995 to 28 February 1996 are used, together with parts of the
moored current-meter data sets, where the spatial coverage
of the ADCP data is insufﬁcient. The horizontal and vertical
resolutions of the ADCP data set, together with their tempo-
ral extension, permit the study of some phenomena both on
large and small spatial and temporal scales.
The ADCP data set is separately analysed for the stratiﬁed
season and for the vertically homogeneous part of the year,
i.e. the entire data set is subdivided into two subsets called
summer and winter. The current ﬁeld is separated into three
time-dependent terms: the tidal one, calculated with Can-
dela’s detiding method, the steady, and the residual parts.
Concerning the tidal ﬂow, the M2 current pattern shows
the expected amphidromic point south of the Gargano
Promontory, characterized by a minimum in the amplitude
and a discontinuity in the phase of about 200 degrees. The
K1 presents an almost constant phase structure that increases
in the north, from east to west during summer. The ellipses
are generally polarized along the basin axis in summer, while
in winter, they seem to follow more closely the coastline ori-
entation.
The residual ﬁeld shows a variable structure that depends
on the Po River discharge impulses and the wind ﬁeld. It is
found that, during the stratiﬁed season, the inﬂuence of the
Po discharge impulses on the coastal ﬂow can be approxi-
mated by hybrid waves between the shelf area and Kelvin
waves that propagate along the Italian coast. The typi-
cal velocities of propagation of these waves depend on theL. Ursella and M. Ga˘ ci´ c: Use of the ADCP in study of circulation of the Adriatic Sea 1193
bathymetry and the stratiﬁcation in the area. The calculated
phase velocities have been found to be about 2m/s in the
northern part, decreasing to 1.27m/s in the south. The pas-
sage of the wave induces upwelling in the shelf along the
Italian coast, as shown in the vertical temperature distribu-
tions. In the ADCP data set, evidence of the transient inten-
siﬁcation of the southward current can be associated with the
passage of these waves.
ADCP data, together with CTD measurements, show that
the Adriatic dense water formed in the northern part of the
basin ﬂows southward along the Italian shelf, and its signal is
much stronger in the sub-inertial time-dependent component
of the current ﬁeld than in the steady current ﬁeld.
Therefore, ADCP measurements enable us to conclude
that the circulation features which have been traditionally
considered quasi-steady structures, such as WAC and the
bottom-density driven current, have a strong time-dependent
component, and are variable on time scales on the order of
days due to mesoscale variability and external forcing.
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